The relationship between geology and landforms has long been established with quantitative analysis dating back more than 100 years. The surface expression of various subsurface lithologies motivates our effort to develop an automated terrain classification algorithm based solely on topographic information. The nexus of several factors has recently provided the opportunity to advance our understanding of the relationship between topography and geology within a rigorous quantitative framework, including recent advances in the field of geomorphometrics (the science of quantitative land surface analysis), the availability of very high resolution (sub meter) digital elevation models, and increasing sophisticated geomorphology and image analysis techniques. In the present study, the geological and geomorphological units in an exemplar study area located in Western U.S. (southern Nevada) have been delineated through an evaluation of a high resolution (1-meter and 0.25-meter) digital elevation model. The morphological aspects of these features obtained from DEMs generated from different sources are compared. Our analysis demonstrates that a 1-meter DEM can provide a terrain characterization that can differentiate underlying lithological types and a very high resolution DEM (0.25 meter) can be used to evaluate fracture patterns.
Introduction
The topography of the Earth's surface provides important information for geomorphic studies because it reflects the interplay between tectonic-associated processes (primarily uplift) and climate erosional processes. Processbased evaluation of geomorphology has established the fact that landforms are not chaotic, but rather are structured by geologic and geomorphic processes over time. Recent advances in the field of geomorphometrics (the science of quantitative land surface analysis) have opened up new opportunities to evaluate the geologic signatures embedded in the topographic fabric of the landscape. In this study, we explore the extent to which geologic information can be extracted from the topography for an exemplar study area by integrating topographic parameters with stream drainage information.
The interplay between the subsurface geology and the surface topography is reflected in the topographic character of the landscape as well as the nature of the drainage pattern formed by the erosion of the topography. The notion that geologic and structural controls (in the form of faults and joint systems) exert a dominant influence on drainage network patterns can be traced back to the late 19 th century [1] . There exists a long history in the development of the process-based approach to geomorphology studies [2] with the evaluation of drainage patterns playing a central role in understanding landscape geomorphology [3] - [12] .
While traditional geomorphology research has concentrated on the "forward" problem of evaluating the drainage pattern produced by known geology, there are emerging applications for the "inverse" problem-i.e., predicting the geology from the drainage network and topographic parameters. The central thesis of this approach is that the character of the surface topography and nature of the underlying bedrock geology are intimately related. Early work on this approach was carried out at the Pisgah Crater Test Area (near Barstow, CA) which was extensively studied by NASA as a possible lunar analog for the space program. Studies that sought to correlate the relationship between the topography and underlying geology concluded: "The original hypothesis that surface roughness reflects the geologic nature of rocks appears to be correct" [13] , although the investigators added the caveat that "···it quickly becomes apparent that the scale of sampling required for demonstrating the hypothesis may vary for each area studied" (suggesting the need for high resolution DEMs for accurate site characterization). This approach has also been used extensively for characterizing the geology of the Martian surface [14] - [16] .
In this study, we evaluate the utility of applying the "inverse" approach for generating plausible geologic maps for denied-access sites where only topographic information in the form of digital elevation models (DEMs) is available. At the center of our approach is the exploitation of the fact that the local subsurface geology exerts a primary influence on the drainage pattern of the landscape. Over time, a stream system achieves a particular drainage pattern to its network of stream channels and tributaries as determined by local geologic factors. A quantitative analysis of the forms, density, and texture of the stream channel elements' network can provide important insight into the underlying geologic, geophysical, and climatic factors that sculpt the landscape.
Topographic data of sufficient resolution relevant to the scale of morphological features that are subject to evaluation are required for this analysis approach. Though 10-m DEMs are widely available in the U.S., they are not always of sufficiently fine scale for lithologic or structure mapping. Thus, we have chosen an exemplar study area with very well documented geology and for which very high resolution DEMs (1-meter and sub-meter resolution) exist in order to fully test our hypothesis that rock type and fracture character can be evaluated with high resolution DEMs. A number of recent studies have demonstrated the utility of high resolution DEMs for quantitative terrain analysis [17] - [20] . This "new generation" of topographic data has resulted in the development of new methodologies for evaluating surface landforms [21] - [25] and has helped to advance our understanding of Earth surface processes [26] - [28] . Furthermore, we have taken advantage of the increasing sophistication of quantitative algorithms for evaluating stream networks [29] - [36] that have been facilitated by the availability of increased memory and computing speed on computational platforms. A 1-meter resolution DEM for a 10 km × 10 km area contains 100 million data cells. Whereas the computation of the drainage network for a region of these size and DEM resolution would have taken a prohibitive amount of computational time only a few years ago, commercial geomorphology analysis tools (such as RiverTools ©1 ) running on modern computing platforms can complete this computation in a small fraction of this time.
In the evaluation presented below, we extend the topography analysis routines of previous investigators [37] - [39] to evaluate the feasibility of differentiating between geologic units and the extent to which the degree of fracture density can be interpreted from an integrated analysis of topographic parameters and drainage patterns. Figure 1 illustrates the differences between the drainage pattern for "soft" rock (alluvium) and "hard" Figure 1 . Schematic of the difference in drainage patterns for (A) "soft" rock (alluvium) vs (B) "hard" rock (granite). Harder rock units are characterized by large branch intersection angles (β), high sinuosity, low drainage density and high topographic roughness. This characterization motivates our effort to develop an automated terrain classification algorithm based solely on topographic information. rock (granite). It is well established that the drainage pattern for the softer alluvium is more linear as opposed to a more dendritic pattern for granite [6] , with lower sinuosity and higher drainage densities for the former. However, the quantitative measurement of how the intersection angle (β in Figure 1 ) varies between rock types has only recently been addressed [25] . Furthermore, the additional information provided by the integration of drainage pattern character and topographic parameters has not been previously explored (e.g., topographic roughness appears to correlate with sinuosity and inversely with drainage density).
Research Objective
The primary aim of this study is to demonstrate local topographic variability for geologic (both lithology and fracture characterization) using a very high resolution DEM. The local topographic variability and terrain characterization is evaluated through a combined quantitative approach that integrates drainage pattern information (i.e., tributary intersection angles, branch sinuosity, and drainage density) with spatial variation in topographic parameters (topographic roughness, organization, and topographic grain). We begin with an overview of the geomorphometric techniques, followed by the application of or methodology for terrain to a 1-meter digital elevation model (DEM) for an exemplar study in southern Nevada (Western U.S.) where the geology is well characterized. At the outset we emphasize that the objective of this study is not so much the development of a technique for precision mapping of geologic units from topographic DEMs, but rather a method for rapid terrain characterization (i.e., "hard" vs. "soft" rock types, prevalent or absent fractures in the bedrock) when the only available information for site assessment is a DEM.
We begin with an overview of geomorphometric techniques and progress to an evaluation of our study area and an assessment of the utility of our approach.
Geomorphometrics
Geomorphometry is the science of quantitative land surface analysis "which treats the geometry of the landscape" [40] [41] and uses a quantitative framework for quantifying the character of the land surface [42] - [44] . The field can be further divided into specific geomorphometry, which evaluates discrete surface features and general geomorphometry, which treats the continuous land surface [45] [46] . Our geomorphometric approach is the computer characterization and analysis of continuous topography and falls under the framework of terrain analysis [47] .
Geomorphic Parameters
A quantitative assessment of the landscape character (e.g., the topographic roughness, organization, and grain orientation) provides the means to evaluate signatures in the surface landscape that may be related to the underlying geology (e.g., rock type, fault and fracture distributions) in the near-surface which can provide site characterization and constraint for geologic framework model development.
Until recently, topographic features have been evaluated with primarily qualitative analysis tools. Parameters such as slope, aspect, and average relief were typically used to categorize the landscape character. The current availability of high speed computing platforms and high-resolution (less than 30 meter spatial resolution) DEMs now provide the opportunity to perform quantitative analyses of topographic surfaces.
In this study, we employ the eigenvalue ratio method [48] [49] to extract the salient geomorphometric parameters from a DEM. If ( ) ( )
are a collection of n unit vectors perpendicular to the topographic surfaces described by a DEM, then the orientation matrix T can be formed by the sums of the cross products of the direction cosines [50] - [53] 
The normals to the earth's surface can be viewed as a cloud of vectors in space and the three eigenvectors define the three dimensional ellipsoid that best models their distribution [49] 1) The eigenvalue S 1 is much greater than S 2 , and S 2 is approximately equal to S 3 ;
2) The eigenvector corresponding to S 1 is approximately vertical with the vectors associated with S 2 and S 3 constrained to the horizontal plane; and 3) S 3 points in direction of dominant topographic fabric and provides information about the dominant topographic orientation.
The various ratios of the eigenvectors can be used to define three salient geomorphic parameters: roughness, grain, and organization [55] .
Roughness
In general, roughness can be defined as the irregularity of a topographic surface. It has been noted that roughness cannot be completely defined by a single measure [13] and is more appropriately defined by a "roughness vector". The eigenvalue ratio method defines roughness as the reciprocal of the flatness or ( )
1 ln S S . In general, roughness correlates well with the rugosity and average slope.
Texture and Grain
Topographic grain reflects the degree of linear ridges in the landscape. Originally, it was defined by [47] as "the size of area over which the other factors are to be measured. It is dependent on the spacing of major ridges and valleys and thus indicates texture of topography." The orientations of S 2 and S 3 define the dominant grain of the topography.
Topographic Organization
The ratio of S 2 to S 3 is a measure of the grain strength of the fabric (independent of its orientation). Because there are only two independent eigenvalues (S i ), graphs of ln(S 1 /S 2 ) ("flatness") and ln(S 2 /S 3 ) ("organization") have traditionally been used to evaluate variations in the topographic fabric [49] [54] . The ratio ln(S 1 /S 2 ) to ln(S 2 /S 3 ) can be used to evaluate the clustering of the normal vector distribution and was defined as the K-value by [48] . Distributions with K > 1 have vectors that cluster while distributions with K < 1 have distributions which form girdles in a steronet plot [49] . If S 1 > S 2 and S 1 > S 3 , the orientation data are clustered in a stereographic projection (and are located above the K = 1 axis). Alternatively, if S 1 > S 3 and S 2 > S 3 , the data form a girdle. Contours of the ratio ln(S 1 /S 3 ) radiate from the origin and describe the strength of the orientation and thus provides a way to quantify the strength of the topographic grain (with greater strength corresponding to greater grain alignment.)
The utility of the eigenvalue plot has been expanded by its incorporation into DEM analysis software [56] - [59] . This approach has led to the identification of three independent parameters that describe the character of a topographic surface: roughness (which correlates with relief, standard deviation of elevation, average slope, standard deviation of slope, and strength), organization (which expresses the strength of the topographic fabric) via vector drainage network characteristics, (e.g., sinuosity, segment length, element density, and nodal branching angularity) and the average elevation (which correlates poorly with the other topographic parameters.)
The topographic parameters extracted from the DEM using the eigenvalue ratio approach are integrated with additional information extracted from an evaluation of the drainage network.
Drainage Network Analysis
How a landscape drains and forms drainage networks is a measure of landscape dissection and can provide important information about the underlying rock type and structure. Drainage patterns are considered to be the most important single parameter for quantifying landforms [7] . A drainage network is the pattern formed by streams in a particular drainage basin. The drainage system is dependent on the slope, the nature and attitude of bedrock and on the regional and local fracture pattern. The flow pattern is closely associated with the local geomorphology and as such provides a dense sampling of the surface. The flow pattern contains information about surface structure and material hardness that might give a clue to the local geological substrate. The drainage network influences the geomorphology by erosion and it is this interaction that is a nexus between geology and geomorphology.
Drainage networks are categorized by pattern type, texture, and density and have been classified into six basic types: 1) dendritic, 2) trellis, 3) parallel, 4) radial, 5) annular and 6) rectangular. Their features and occurrence are generalized as follows [7] [60]: 1) Dendritic pattern: a tree-like branching of tributaries join the mainstream at acute angles. Usually this pattern occurs in homogeneous rocks.
2) Trellis pattern: a modification of dendritic, with parallel tributaries converging at nearly right angles. It is indicative of bedrock structure rather than material of bedrock. It can be associated with tilted or interbedded sedimentary rocks, where the main channels follow the strike of beds.
3) Parallel pattern: major tributaries are parallel to major streams and join them at approximately the same angle. It can occur in homogeneous, gentle and uniformly sloping surfaces whose main streams may indicate a fault or fracture zone. Parallel drainage patterns are common in pediment zones and alluvial fans. 4) Radial pattern: a circular network of approximately parallel channels flowing away from a central high point. It usually occurs in volcanoes or domelike structures characterized by resistant bedrock. 5) Annular pattern: a concentric network of channels flowing down and around a central high point. This pattern is usually controlled by layered, jointed and fractured bedrock, in granitic or sedimentary domes. 6) Rectangular pattern: a modification of the dendritic pattern, with tributaries joining mainstream at right angles, forming rectangular shapes. It is controlled by bedrock jointing, foliation and fracturing, indicative of slate, schist, gneiss and resistant sandstone.
At small scales, drainage patterns are thought to reflect the rock fabric [61] . It has long been assumed the relationship occursas a result of zones of weakness in the bedrock enhanced by weathering and erosion processes, although the evaluation of field data has been mostly inconclusive [62] .
The drainage density (defined as the total length of the streams in a drainage basin divided by the total area of the drainage basin [4] ) is a measure of how well or how poorly a watershed is drained by stream channels, and provides important information about the physical characteristics of the drainage basin. Soil permeability (infiltration difficulty) and underlying rock type affect the runoff in a watershed. Rugged regions or those with high relief will also have a higher drainage density than other drainage basins if the other characteristics of the basin are the same.
We turn next to a quantitative evaluation (integrating the topographic and drainage analysis approaches discussed above) of a study area where the geology is well-characterized and very high resolution DEMs of the topography are available.
Description of the Exemplar Study Area
The study area (Figure 2) is located in southern Nye County, Nevada in the southern part of the Great Basin region of the Basin and Range Physiographic Province of the Western U.S. The site encompasses an area of 78.5 km 2 which is a complex mosaic of geologic units and topographic features. The elevation ranges from 1355 meters to 2165 meters and is characterized by relatively high slopes (average slope = 14˚ ± 10.7˚). The elevations rise steeply to the north and west of the study site where large upland areas are located. The topography (illustrated with 10 meter contour intervals) and (B) Observed geology for the study area in south-central Nevada. The location was selected based on the well-characterized geology and availability of high-resolution digital elevation models (both 1-meter and 0.25-meter). Of particular interest for this study is the topographic characterization of the granitic intrusion (Kg).
Geology
The geology of the study area is the product of basin-and-range style tectonics. The basins are filled with sedimentary deposits and relatively flat topography, while ranges have higher elevations and are composed of harder Tertiary (volcanic tuff) and pre-Tertiary (Paleozoic) rocks.
The main geologic units in the study area are Tertiary alluvium and sedimentary deposits, Tertiary volcanic tuffs and ash flows, Pre-Tertiary (Paleozoic) carbonate rocks (primarily limestone and dolomites), and intrusive igneous rocks (granites and granodiorites). The Paleozoic rocks are a miogeosynclinal sequence of nearly 4 km of Precambrian to Cambrian clastic deposits (predominantly quartzites) overlain by more than 4 km of Cambrian through Devonian carbonates, 2.5 km of Mississippian argillites and quartzites, and about 1 km of Pennsylvanian to Permian limestones. Following a depositional hiatus during the Mesozoic, Tertiary volcanic rocks of predominantly silicic composition were extruded from numerous eruptive centers during Miocene and Pliocene epochs. Volcanic deposits accumulated to 3 kilometers in total thickness, thinning to extinction outward from the calderas. Extrusion of minor amounts of basalts accompanied Pliocene and Pleistocene filling of structural basins with detritus from the ranges. Granitic intrusion accompanied compressional thrust faulting and folding of Paleozoic sedimentary rocks during regional Laramide-age mountain building. Normal extensional faulting coincided with the outbreak of volcanism during the Miocene and was superimposed on existing Mesozoic structures.
The geologic units of primary interest for this study are shown in Figure 2 (B) and a brief description follows. The granite (Kg) and the limestone (Op) are moderately to highly fractured. The joint density measured in the granites range from 0.52 to 0.89 joints per foot, with two dominant joint patterns: N22˚W and N35˚E.
Many qualitative correlations between the topography and geology are evident in Figure 2 , and it is our objective to quantify the correlations with a rigorous geomorphological evaluation.
Geomorphometric Analysis
Our geomorphologic analysis is based on a 1-meter resolution DEM that was generated for the study area using a geophysical stereo satellite processing system which exploited the sparse vegetation cover to generate the DEM from 50 cm resolution satellite imagery. Figure 3 illustrates the variation in the topographic parameters of roughness and organization for the study area. The "harder" rocks (granite and limestone) are characterized by higher roughness values and moderately higher organization as compared to the "softer" alluvium (which is characterized by low roughness and low organization. A more detailed comparison between the various geologic types is provided by the Flinn Diagram (a plot of "flatness" vs. "organization") [49] [54] shown in Figure 4 . All the lithologies plot in the region with K < 2 (with alluvium K < 5). K values separate readily into "soft" rock (alluvium) with high flatness values (approaching 8), and "hard" rock with flatness values in the range of 3.5 to 4.5. Alluvium exhibits higher strength (S), lower organization, and higher flatness. Limestone (Op) and granite (Kg) are rougher. The harder rocks have about the same S value (strength) and organization. We therefore concur with [13] that topographic roughness is the best parameter for discriminating geologic lithology. Normalized eigenvalue ratios of directional data for the geologic units of the study area illustrating the relative position in the eigenvalue ratio graph (Flinn diagram). Flatness is a measure of the clustering (coherence) of the topographic surface normals and organization reflects the strength of the topographic fabric. The distance from the origin is controlled by the Strength parameter [ln(S 1 /S 3 )] which expresses how strongly the orientation vectors are grouped. Modified from [49] . "Hard" vs. "soft" rock types show a clear separation in the flatness parameter; less so for topographic organization.
Topographic Parameters

Drainage Pattern Analysis
The drainage pattern computed for the 1-meter DEM is shown in Figure 5 . A number of drainage variations correlate with the geologic units shown in Figure 1(b) . The change in the drainage pattern between the alluvium (Qal) and the granitic intrusion (Kg) is particularly pronounced. A qualitative assessment of the drainage patterns suggests that the alluvium is characterized by a linear pattern with acute branch intersection angles, while the harder rock types (particularly the granite and limestone) are characterized by dendritic drainage patterns with branch intersection angles closer to 90˚. In the following section, we present a discussion of our drainage analysis routine that provides a way to quantify these qualitative assessments.
The first step in the analysis algorithm is the conversion of the vector drainage network ( Figure 5 ) to a graph of the flow pattern. The graph is a topological reduction of the dense representation of the network into originating flows (branches) that start at a point in the terrain and eventually feed into another at a lower elevation, and continuing flows (trunks) that connect two flow junctions. These branches and trunks constitute the edges of the drainage graph, while flow origination and junction points form the nodes of the graph. For this study area, a 1-meter spatial resolution drainage network with ~2.25 million points was used. We developed an algorithm to reduce this to a drainage graph of ~ 138,000 edges and a similar number of nodes. The graph edges were attributed quantitative structural properties of the stream segments (i.e., branches and trunks) they represent. The structural properties extracted for this study included the node location, stream length, sinuosity (i.e., a measure of how much the stream meandered on its way from one node to another), and direction from one end of the stream segment to the other. We then evaluated the variation of the statistical distributions of these three attributes between the geological regions with the goal of establishing a correlative characterization of the geology through the geomorphology captured by the attributed drainage graph.
In particular, we developed algorithms and software with the following functionality: 1) Compute attributed drainage graphs from drainage networks; 2) Segment distinct drainage catchment areas of the underlying terrain; and 3) Compute attribute distributions for regions of query corresponding to known geological substrates. This procedure provides the means to query and compare multiple regions using this framework and infer geological correlations and classifications based on the geomorphology. The graph extraction algorithm begins with the drainage network and recasts the point associations as a dense graph. It then computes any cycles in the graph and removes them as they correspond to floodplains and river deltas that are level surfaces of alluvial plains. The resulting graph is made of trees (acyclic graphs) that are disconnected from one another. Each connected tree corresponds to a catchment basin of the terrain. The catchment algorithm then computes these connected components. Next, the graph attribution algorithm computes the topological graph comprised of flow origin and junction points as its only nodes and computes the directional edges connecting these nodes that go from a higher elevation to a lower one by using the DEM. The degrees (number of edges incident upon a node) of the nodes in the dense graph are first computed. The nodes of degree > 2 (i.e., flow junction nodes) are temporarily excluded to get a graph comprising of disconnected edges corresponding to branches and trunks. A connected component analysis is performed to identify nodes corresponding to each edge and the nodes are chained to obtain the flow structure. Attributes of length, sinuosity, and flow direction are computed for each edge using elevation information from the DEM.
Each edge is then represented by its endpoints (i.e., origin and junction nodes for branches, and junction and junction nodes for trunks) in the original dense drainage network graph, while eliminating all other intermediate nodes. Each edge is attributed its length, sinuosity, and direction to obtain an attributed drainage graph. Sinuosity is computed as:
where L is the actual length of the stream segment (branch or trunk) and L s is the straight-line distance between its end points. This resulted in a ~1:16 reduction in graph size, making the drainage easier to handle computationally, while at the same time creating a higher-level, more informative representation.
Terrain Characterization
The topographic parameters and drainage characteristics for the four principle geologic units in the study area (Kg, Op, MDe, and Qal) show distinctive difference that can be used to establish a terrain characteristic algorithm for geologic assessment. Histograms of the topographic roughness, the drainage density, stream branch sinuosity and branch intersection angles for the four geologic units in the study area (Figure 6 ) support the following generalities: 1) Harder rock types (granite and limestone) are characterized by rougher topography, lower drainage densities, higher sinuosity, and high angle branch intersections; 2) "Softer" alluvium is characterized by smoother topography, higher drainage densities, lower sinuosity, and lower branch intersection angles; 3) The quartzite/conglomerate Eleana Formation (MDe) has an intermediate terrain character to the hard and soft rock units; and 4) Both roughness and sinuosity are negatively correlated with drainage density (R-squared value for a plot of the mean values is of nearly 90% for both distributions) (averages and one standard deviation about the mean are listed in Table 1) .
The difference between the branch-to-trunk angles and trunk-to-trunk angles for the alluvium vs. granite is illustrated in the histogram shown in Figure 6 (E). The bimodality of the angle distribution corresponds to the two subcategories. For geologic types, the left peak corresponds to the branch-to-trunk distribution, while the right peak corresponds to the trunk-to-trunk angle distribution. In the case of granite, the two peaks in the histogram have a smaller angle separation reflecting the fact that branch-to-trunk angles are less acute and branch-to-branch a Average ± one standard deviation for terrain parameters plotted in the histograms shown in Figure 6 . Table 1 . The various geologic units have distinctive distribution for these four parameters, motivating their inclusion into the terrain characterization algorithm. The difference between the branch-to-trunk angles and trunk-to-trunk angles for the alluvium vs. granite is shown in (E). The bimodality of the angle distribution corresponds to the two subcategories. The left peak is branch-to-trunk distribution, while the right peak is trunk-to-trunk angle distribution. In the case of granite, these peaks are closer to each other (since branch-to-trunk angles are less acute and branchto-branch angles are less obtuse) than in the case of alluvium (since branch-to-trunk angles are more acute and trunk-to-trunk angles are more obtuse).
angles are less obtuse. The converse is true for alluvium; where branch-to-trunk angles are more acute and trunk-to-trunk angles are more obtuse). Exploiting the strong correlation between the geology and the geomorphometric parameters, we next developed an algorithm to calculate a Terrain Characterization Type (TCT) value which integrates the roughness, drainage density and sinuosity. Each of the three parameters was binned into a high, medium and low category based on the mean values ± one standard deviation about the mean. In aggregate, this yields 27 terrain characterization types.
The validity of this approach was assessed by computing the predicted TCT value for the known geologic rock types. Histograms of the predicted terrain types for five geologic types (Figure 7) shows that the geologic units indeed separate into distinct TCT zones: low values (4 -8) for alluvium; tuffs (Tub) in the range (8 -13) ; the "hard" granite (Kg) and limestone (Op) both fall in the range of 14 -18; and the quartzite/conglomerate Eleana Formation (MDe) is characterized by high TCT values in the range of 19 -24. Applying the TCT algorithm to the entire study area yields a predicted terrain type map (Figure 8 ) which is in excellent agreement with the observed geologic units shown in Figure 1(a) . This illustrates that predicting geology is possible with a high resolution DEM, binned at the resolution of the DEM and then smoothed with a 3 × 3 window.
Fracture Characterization
The analysis of geomorphic characteristics that can be used for fracture characterization requires sub-meter DEMs that can capture features of the same spatial order as the fracture separation.
Recently, significant progress has been made in the application of laser scanning for terrain characterization. Both Terrestrial Laser Scanner (TLS) and Airborne Laser Swath Mapping technology (ALSM), using LiDAR (Light Detection And Ranging) technology, now provide high resolution topographic data with notable advantages over traditional survey techniques. A valuable characteristic of these technologies is their capability to produce sub-meter resolution Digital Terrain Models (DTMs), and high-quality land cover information (Digital Surface Models, DSMs) over large areas. In particular, it has been demonstrated that the geometric characteristics of discontinuities (such as fractures) including orientation, spacing, persistence and roughness can be ob-tained using the analysis of LiDAR data [63] - [66] .
A second method for predicting fracture distribution and orientation is the evaluation of the topographic curvature [67] , which can be used to predict areas of high fracture density as well as the orientation of fractures that formed during deformation of strata. In general, geologic strata with high Gaussian curvature can be expected to correspond with zones of greater deformation and higher density of fractures [68] . Furthermore, there is a clear relationship between fracture permeability and curvature [69] , and fracture porosity has been related to the product of bed thickness and curvature. Other studies have shown that zones of high fracture density coincide with areas of elevated curvature [70] - [73] , a notion that is supported by the results of numerical modeling [74] - [80] .
In this study we evaluate a 0.25-meter DEM (collected using an airborne LiDAR platform) for a 7 km 2 subregion of the study area which includes parts of the granite (Kg), limestone (Op) and alluvium lithology (Qal) in the southern part of the study area. Our primary objective is to evaluate the extent to which fracture orientations can be extracted from a very high resolution DEM through an integrated analysis of the curvature and topographic grain information. The granite intrusion (Kg, Figure 1 ) is moderately to highly fractured; with two dominant joint patterns (N22˚W and N35˚E) that are well-documented and provide constraint for our analysis [75] [76].
We begin by testing the hypothesis that the topographic grain extracted from a very high resolution DEM correlates with the local fracture orientation. The topographic grain was extracted for an analysis window centered on a site in the granitic intrusion of known fracture orientation. Figure 9 illustrates the variation in the topographic grain orientation as a function of analysis window size (from 2 to 25 meters). With the exception of very small window size (2 and 3 meters) the grain orientation is remarkably consistent with dominant joint orientations of N35˚E. This result suggests that a map of the topographic grain orientation can be used to estimate fracture orientations for a larger scale.
In Figure 10 we combine the topographic grain orientation with a map of the Laplacian curvature to construct a proxy map of the fracture density and orientation for the sub-region of the study area. Highest fracture densities are predicted for the limestone and granitic lithologies (which is confirmed by observation). We note, how- ever, that a number of cultural artifacts (primarily road and ground excavation scars) are evident in Figure 10 . We readily acknowledge that correlation does not prove causality and further work is needed to develop a deterministic model for predicting fracture patterns in geology. We also acknowledge that it is well recognized that fracture intensities do not correlate directly with curvature since curvature is only one mechanism for fracture development (other mechanisms include stretching, faulting, bedding-plane slip, the influence of preexisting fractures, and tectonic loading) [76] . Nevertheless, the close correlations between the topographic grain and the observed fracture patterns for the granite intrusion considered here is intriguing.
Discussion
The relationship between geology and landforms has long been established, with a history extending back more than 100 years [77] [78] . The character of the Earth's topography is the product of competing elements of constructive (e.g., plate tectonics, volcanic eruptions and sedimentation), and degradational processes (e.g., chemical and mechanical weathering, erosion and subsidence). Variations in the mechanical and chemical properties of geologic formations allow variable weathering which results in the exposure and highlight of near-surface structures. These structural imprints are recorded in DEMs of the topography and, as we have demonstrated above, the quantitative analysis of the landscape can provide valuable insight into the geology of the underlying bedrock. Indeed, much of our understanding of planetary geology is derived from the analysis and interpretation of extraterrestrial landforms and landform interrelationships [79] [81]. Clearly, our understanding earth surface processes relies on modern digital terrain representations which in turn depend strongly on the quality of the topographic data. In the last decade, a range of new remote sensing techniques has led to a dramatic increase in terrain information. Here, we have sought to demonstrate that analysis of meter-to sub-meter scale DEMs can provide terrestrial geologic information that can supplement field mapping and other types of remote-sensing surveys.
There are a number of applications that call for the methodology presented in this study. The development of high-fidelity geologic framework models for denied-access sites that maximize the available information about the subsurface is a challenging undertaking but one with important global security application. Typical geologic settings very complex with many features (e.g., intrusions, faults and fractures) that exert influence on many geodynamics processes. Currently, the geologic characterization of denied-access sites is limited to very simplistic representations of the subsurface geology (e.g., either half-space or planar geologic layers). This is a critical shortcoming given that many proliferation detection applications could benefit from more comprehensive 3-d models of the subsurface geology (e.g., the modeling of seismic wave propagation and potential leakage pathways of radio-nuclides through rock fractures, as well as apriori site characterization and evaluation for treaty monitoring.) A need exists for the development of techniques to provide site characterization information for denied-access sites using readily available remote-sensing data (in particular, topographic data) which is available on a global basis at very high spatial resolution [82] .
Conclusions
Given the limitations and caveats discussed above, we draw the following general conclusions from our study:
Topography can reflect the geological structure of a terrain, supporting the conclusions of [83] - [91] that geology can be derived from topography. Indeed, our results support the conclusion "···Topography is an expression, by means of physical features, not only of the geology of a country, but to a very large extent of its geological history. So much is this so that if on a map the geology and topography do not fit snugly together either one or the other is wrongly mapped" [83] .
We find that a DEM with a resolution of at least 1-meter is required for differentiation of geologic lithologies through evaluation of the topography. Geologic units ranging from soft alluvium, intermediate tuffs, and hard granite and limestone can be differentiated with high resolution (sub-meter) DEM.
Mapping and characterization of the fracture patterns and densities require a sub-meter resolution DEM. Close correlations between topographic grain and observed fracture patterns for a granite intrusion considered here provide a first step in establishing sub 1m DEM (0.25 m) as a predictive tool for characterization of fracture patterns.
Traditionally, geological maps were prepared from conventional ground surveys based on field observations conducted along traverse lines at regular intervals. Remote sensing techniques have opened a new era in mapping lithology, particularly for denied-access sites. In this study, we have demonstrated the feasibility of constructing a plausible first-order geoloigc map based solely on topographic data. Improvements to our approach would include the integration and evaluate of hyperspectral image data which could provide additional lithological information. Inclusion of this additional information could provide structural constraint that could inform the development of a 3-D geologic framework models.
